Interferometric synthetic aperture radar (InSAR) and global positioning system (GPS) have obvious deficiencies for monitoring surface deformations, for example, 1-D line-of-sight (LOS) measurements for InSAR and spatially very sparse observations for GPS. In this paper, InSAR and GPS measurements are integrated to derive spatially high-resolution 3-D coseismic surface displacement fields of the 2011 M w 9.0 Tohoku-Oki, Japan earthquake. A unified simultaneous least squares (USLS) approach is developed to minimize the inconsistence between the InSAR results from adjacent paths. 3-D ground displacements are then derived by integrating the InSAR and the GPS measurements with the method of weighted least squares (WLS). Comparisons with independent GPS measurements show that the root mean square errors (RMSEs) of the derived 3-D displacements are 6.30, 4.57 and 1.29 cm for the vertical, east and north components, respectively. The 3-D coseismic displacement map shows that the Honshu Island moved eastwards towards the epicentre and subsided in the eastern part. The maximal displacements in the vertical, east and north directions are −1.5, 5.0 and −2.0 m, respectively. The effects of the density of GPS sites on the InSAR/GPS integration are also investigated. The experimental results reveal that lower to 70 km spatial resolution's GPS observations are adequate to guarantee the accuracies of the 3-D displacements for the Tohoku-Oki earthquake. This demonstrates the applicability of the developed WLS-based InSAR/GPS integration method, as in general the GPS observations are not as dense as those in this study area. Based on the spatially high-resolution 3-D surface displacement fields, we estimate the high-resolution and 3-D strain of the Tohoku-Oki earthquake. The preliminary results show that the Honshu Island suffers from an evident dilatation and shear during the seismic event.
continuous but are only sensitive to the surface displacement in the radar line-of-sight (LOS) direction (Wright et al. 2004) . The GPS observations are 3-D but are available only at limited GPS stations. The spatial resolution of the GPS stations in the GEONET is about 25 km (Sagiya 2004) .
It is well known that quantitative analysis of 3-D coseismic deformation is imperative in understanding the seismic ruptures and plate tectonics of an area (Fialko et al. 2001; Bos et al. 2004; Chlieh et al. 2004; Funning et al. 2005) . The complementarities of InSAR and GPS measurements offer a great opportunity to infer 3-D displacements by appropriately integrating the measurements. Several approaches have recently been proposed to estimate 3-D displacement fields by integrating InSAR and GPS measurements. Gudmundsson et al. (2002) first merged the InSAR and GPS measurements to derive the 3-D surface displacement for the Iceland. In their study, the optimal solution was achieved by the Markov random field-based regularization and the simulated annealing algorithm. Subsequently, a revised method, termed analytical optimization (AOM), was developed by Samsonov et al. (2007) to map the 3-D displacement filed of Southern California from InSAR and GPS measurements. Although the time-consuming procedure of simulated annealing is avoided, the AOM is easily suffered from the numerical instability induced by the sparse and/or unevenly distributed GPS measurements. Guglielmino et al. (2011) proposed a SISTEM approach to obtain the 3-D displacement map of Mount Etna, in which the commonly required step of the GPS interpolation was exempted. However, the SISTEM may not be suitable to investigate large ground movements since it is developed based on the small deformation theory. Recently, Hu et al. (2012) introduced the variance component estimation (VCE) approach to weigh the InSAR and GPS measurements in the determination of 3-D surface displacements. This method does not require the a priori information on the stochastic model of the measurements but expects enough redundant measurements.
We will in this paper retrieve the 3-D coseismic surface displacement field of the 2011 Tohoku-Oki earthquake by appropriately integrating the InSAR and GPS measurements in the area. PALSAR ascending acquisitions from five adjacent satellite paths and ASAR descending acquisitions from three adjacent satellite paths are first assembled to determine the coseismic deformation of the area in the respective LOS directions. The derived coseismic deformations are calibrated with GPS data and the proposed unified simultaneous least squares (USLS) approach to minimize the discrepancies between adjacent satellite paths. 3-D displacement measurements from 295 GPS stations of the GEONET are also deployed to infer spatially continuous coseismic deformation maps by interpolating the GPS measurements to the lattice of the InSAR measurements. The method of weighted least squares (WLS) is then used to integrate the InSAR and GPS results to produce the 3-D coseismic deformation maps. We prefer the WLS approach rather than the methods of SISTEM and VCE because on one hand the coseismic displacements might be too tremendous to support the small deformation theory adopted by the SISTEM, and on the other the VCE method could not be carried out when the available data are very limited. In addition, the WLS approach is more straightforward and easy to implement than the afore-mentioned methods. The derived 3-D displacements are compared with the GPS measurements at 32 independent GPS stations (not included in the GPS/InSAR integration) to evaluate the quality of the results. In addition, we will conduct experiments to investigate the effects of the density of GPS sites on the InSAR/GPS integration for this area.
DATA P RO C E S S I N G A N D A N A LY S I S
The SAR data available for the study include L-band ALOS PALSAR images acquired from five ascending paths, 401-405, and C-band Envisat ASAR images from three descending paths, 74, 347 and 189. The areas of coverage of the SAR acquisitions are shown in Fig. 1 . Table 1 provides further the basic parameters of the images.
The GEONET is one of the densest continuous GPS networks in the world. GPS observations at 327 GEONET sites are used in this study. The GPS data are processed and made public by the ARIA team from JPL and Caltech. 295 of the GPS stations will be used for estimaxxting the 3-D coseismic surface deformation, and 32 will be used to validate the derived 3-D displacement field. The locations of the GPS stations used for the estimation computation and for the validation are plotted as triangles and squares respectively in Fig. 1. 
Estimation of LOS coseismic deformation of Tohoku-Oki earthquake from InSAR
For each satellite path listed in Table 1 , the commonly used 2-pass InSAR data processing approach is applied to retrieve the surface displacement. The raw images of the same path are concatenated to produce a long strip single look complex (SLC) image with the GAMMA software. A SAR focusing problem is encountered in processing the ASAR images of path 189, causing a disconnection in the strip. The 3 arcsec SRTM data of the study area is used to simulate and eliminate the topographic component from the interferograms. The shaded relief map of the SRTM data are depicted in Fig. 1 . For the descending Envisat ASAR acquisitions, the DORIS data provided by ESA is exploited to refine the orbit state vectors. While for the ascending ALOS PALSAR acquisitions, only the range and range rate (RARR) orbit information, that is, rapid orbit information, is adopted in the processing. Multilook operations with 15 and 20 pixels for PALSAR data and 15 and 3 pixels for ASAR data, respectively in the azimuth and the range directions, respectively are carried out to reduce the computation burden and the noise in the phase data, which yields interferograms with a final resolution of about 60 m × 60 m. Before unwrapping the interferograms with the minimum cost flow (MCF) algorithm (Costantini 1998) , least squares based filtering is applied to further suppress the phase noise (Li et al. 2008) . Figs 2(a) and 3(a) show the coseismic surface displacements derived from the ascending PALSAR and the descending ASAR interferograms, respectively. The displacements from both the PALSAR and the ASAR data are rewrapped, where one fringe represents 11.8 cm surface displacement in the LOS directions in both sets of the results. Obvious discrepancies can be seen between the adjacent paths, particularly in the displacement map from the PALSAR data.
The errors are most likely induced by the process of removal of the flat-earth trend with inaccurate orbit state vectors ). The deformations caused by the foreshocks, aftershocks, post-seismic deformation and possible ionospheric and tropospheric effects may also contribute to the errors (Feng et al. 2010; Grapenthin & Freymueller 2011; Ozawa et al. 2011) . Such ramps are usually corrected within a single path by a bilinear or biquadratic model fitted with the differences between the GPS projected and InSAR measured LOS displacements. displacement map (e.g. Kobayashi et al. 2011; Feng et al. 2012) . However, the inconsistency between the adjacent paths is not considered in the single-path correction.
We propose in this study to use the USLS approach, which has been used by Liu et al. (2008) to remove glacier velocity discontinuities between adjacent image frames, to combine the InSAR results from the different paths and remove the discrepancies between them (called multipath correction hereinafter). The method will be applied to PALSAR and ASAR processing, respectively. The implementations are as follows:
(1) For InSAR results from adjacent paths i and i + 1, we choose the GEONET GPS stations within the areas covered by the SAR scenes as control points (illustrated by triangles in Fig. 4) , and a set of ground points within the overlapping area between the two paths as tiepoints (illustrated by dots in Fig. 4 ). Permanent scatterers in the images, for example, rocks and buildings, can often be identified and used as such tiepoints.
(2) For a control point in path i, assuming that I i and G i are its displacements derived from InSAR and GPS, respectively, a biquadratic model can be constructed based on the displacements of the controls points,
where x i and y i are coordinates of the point in path i; a i,0 . . . a i,5 are model parameters to be estimated for path i. Similarly, we can construct a model for any control point in path i + 1
(3) For the tiepoints in the overlapping area between paths i and i + 1, assume that T i and T i+1 are the InSAR derived displacements from paths i and i + 1, respectively. Similar to eqs (1) and (2), an equation for a tiepoint can be obtained
(4) Assuming m control points and n tiepoints are used, we can obtain a total of m + n observation equations based on eqs (1)- (3), while the number of unknown parameters is 12. When m + n ≥ 12, a WLS adjustment can be carried out to resolve the unknown parameters. The weights of the observations are determined according to the coherence of the InSAR images. An iterative procedure is implemented to exclude the points with large least squares residuals. The above operations can be expanded to InSAR results from more than two adjacent paths. For example, in this study, they are applied to five paths for PALSAR data and three paths for ASAR data. The PALSAR LOS displacements after applying the traditional single-and the proposed multipath corrections respectively are shown in Figs 2(b) and (c). Note that all the LOS displacement results have been resampled into a regular grid of 9900 × 5400 pixels, with a pixel size of about 74 m × 74 m. It is clear from the results that both results are much better (e.g. more logical and less discrepancies between paths) than the original results. In addition, the results from multipath correction are superior to those from single-path correction. Figs 3(b) and (c) show the corresponding results from ASAR data after applying the single-and multipath corrections. As the orbit state vectors of ASAR data are more accurate, the corrections to the results are not as great as those to the PALSAR results. However, the consistency between the results from the different paths has also been improved by the multipath correction, although the performance of the correction is not as good as in the case of the PALSAR results due to the much smaller overlapping areas between the adjacent ASAR paths (see Fig. 1 ).
Coseismic deformation of Tohoku-oki Earthquake from GPS observations
The GPS measured coseismic surface displacement of the Tohoku-Oki earthquake is shown in Fig. 5 . The arrows represent the deformation vectors at the GPS sites determined based on 5 min dynamic solutions, more specifically, the coordinate differences at the stations between the solutions at 5:40 and 5:55 UTC. It is evident that the ground movements are very significant in both the vertical and the horizontal directions. As shown in Fig. 5(a) , the east-southeastern part of the Honshu Island experienced significant subsidence, with the maximum reaching about 1.1 m at GPS site 0550 on the Oshika peninsula, while the west-northwestern part of the Honshu Island only went upwards slightly. Fig. 5(b) gives the horizontal coseismic displacements at the GPS sites that were all towards the focal region with the largest displacement exceeding 5 m also at GPS site 0550.
Although the spatial resolution of the GEONET reaches about 25 km, it cannot reveal surface deformation signatures with wavelength shorter than that. This motivates us to investigate an integration of GPS and InSAR measurements. In doing this, the GPS displacement measurements at the 295 sites are interpolated into the same pixel lattice of the geocoded InSAR maps. The Ordinary Kriging (OK) technique with a linear variogram model is used in the interpolation (Samsonov et al. 2007) . Considering that the vertical GPS measurements are lower in accuracy than the horizontal ones (Gudmundsson et al. 2002) and have limited contribution to the InSAR/GPS integration , they are not included in the 3-D coseismic displacement computation.
Figs 6(a) and (b) show the interpolated GPS displacement maps in the east-west and north-south directions, respectively. It is observed that both of the coseismic displacement maps are very smooth and increase gradually from the far field towards the focal region, which are typical forms of ground movement caused by seismic shock.
Determination of 3-D coseismic displacement of Tohoku-Oki earthquake
To resolve the 3-D coseismic displacement field of the Tohoku-Oki earthquake, a WLS approach is applied to combine the four displacement vectors obtained in the above analysis, that is, the two InSAR LOS measurements D 
where θ and α represent the incidence and azimuth angles, respectively. The WLS solution of the 3-D displacements is obtained by
where L is the variance-covariance matrix of the measurements. Similar to the previous studies (e.g. Samsonov et al. 2007; Hu et al. 2010) , for the sake of simplicity, the correlation between the measurements is not considered so that L is a diagonal matrix. In order to determine the weight of each InSAR measurement, the standard deviation of an InSAR measurement is estimated on a pixel by pixel basis by using a 5 × 5 moving window in the displacement maps. The calculated standard deviations of the GPS measurements need however to be scaled according to the uncertainties created by the OK interpolation (Samsonov et al. 2007) . To further reduce the high-frequency noise, the derived 3-D displacements are smoothed with a 5 × 5 mean filter. Although the GPS observations are used twice in the 3-D displacements derivation, that is, the multipath correction and the WLS integration of GPS and InSAR, it does not tend to bias the final solution. The reason is that in the multipath correction the sparse GPS observations are mainly used to remove the long-wavelength InSAR signals (i.e. orbital ramps) by least squares algorithm, and the achieved InSAR displacements are generally with moderate-to short-wavelength and will not correlate with the sparse GPS observations strongly. This can help to stabilize the WLS system in eq. (4) from highly correlated measurements and rank deficiency, and thus will not bias the final 3-D displacement solution very much. Fig. 7 presents the 3-D coseismic surface displacements obtained. It should be noted that the WLS computation has also been performed for the pixels that have only one InSAR LOS measurement, either from PALSAR or from ASAR. It is observed from the derived 3-D solution that the vertical displacements range from −1.54 to 0.40 m, while the east-west and north-south displacements vary from 0.04 to 5.00 m and from −2.00 to 0.13 m, respectively. A comparison between the solution and the GPS observations at the 32 validation stations is carried out to evaluate the quality of the results. The validation GPS stations (the squares in Fig. 7) were not included in the InSAR and GPS integration so that they are independent to the 3-D solution. As seen from the results in Figs 8(a)-(c) , very good agreements are found in all the three deformation components. Statistical results show that the root mean square errors (RMSEs) are 6.30, 4.57 and 1.29 cm for the vertical, east and north components, respectively, while the corresponding mean errors are 1.99, 2.05 and 0.02 cm.
D I S C U S S I O N
The accuracy of the derived 3-D surface displacements depends on the accuracy of the InSAR and GPS measurements. It is complicated to assess the errors of the InSAR measurements in this study as interferograms from different sensors and paths and with different spatialtemporal baselines are involved in the computation. Besides, owing to the differences of the SAR acquisition dates between adjacent paths (about half a month), errors can be introduced to the InSAR measurements too due to the post-seismic deformation that has proceeded with tens of centimetres (Ozawa et al. 2011) . However, the effect of the post-seismic deformation has been greatly minimized together with the orbit ramps by the USLS approach. This reason is twofold. First, the GPS observations, which are used as the control points in the USLS approach, is completely coseismic deformation measurements because they are just ∼6 min before and ∼9 min after the event. Second, the post-seismic deformations behave as regular and gradually varied fringes, especially for the dominant horizontal component (Ozawa et al. 2011) , which generally share similar signatures with the orbit ramps in space. Note that the effects of aftershocks cannot be corrected by the USLS approach. In particular, two local deformations caused by the 2011 March 19 and April 11 aftershocks are distinguished in the coseismic displacements derived from the PALSAR ascending interferograms with multipath correction (see the dashed box in Fig. 2) . In unweighted InSAR and GPS integration, this aftershock effect will be introduced into the 3-D displacement solution. However, we find that in our WLS solution the standard deviations of the aftershock deformations from the PALSAR ascending measurements are quite larger than those from the ASAR descending measurements and the interpolated GPS measurements [see the dashed box in Fig. S2(a) ]. The weight of the aftershock deformations will thus be degraded in the WLS adjustment. This can help to diminish the effect of the aftershock in the final 3-D displacement derivation.
For the L-band PALSAR data, the results in the mountainous areas are noisier, especially for paths 401 and 402 that have relatively larger spatial and temporal baselines (see Figs 2a-c) . The ionospheric disturbances in the PALSAR data are believed to be small in this study, as the azimuth streaks are not prominent in the azimuth displacement field derived from the offset-tracking method (see Fig. S1 ). The C-band ASAR results from path 189 are affected more by the spatial decorrelation than those from paths 74 and 347 (see Figs 3a-c) . For the great earthquake with magnitude 9.0, the tropospheric effects, which are highly correlated with elevation and typical on level of several centimetres , are believed to be insignificant in the PALSAR and ASAR results. The estimated standard deviations of the PALSAR and ASAR measurements are similar in areas with high coherence. While in other areas the qualities of the PALSAR and ASAR results are somewhat complementary. The GPS positioning accuracy is about 3 cm, with the standard deviation of the horizontal and vertical components being about 0.9 and 2.7 cm, respectively (Shao et al. 2011) . It should be mentioned that InSAR and GPS observations covers inconsistent time interval, which degrades the accuracies of the 3-D displacement estimations further. descending measurements, the InSAR observations are most sensitive to the vertical displacement, followed by the east-west displacement. Therefore, in the 3-D displacement inversion, the vertical components are influenced most by the InSAR results, while the north-south ones benefit mostly from the OK interpolation of GPS observations rather than the InSAR measurements. Therefore, the north-south components are sensitive to the errors induced by the OK interpolation. This could explain why the InSAR and GPS integrated solution fits the GPS results best in the north-south direction. It can also be demonstrated by the SD maps of the PALSAR, ASAR, GPS measurements and the derived 3-D displacement fields (see Figs S2 and S3) , where the GPS north-south and InSAR LOS measurements' SDs mimic those of the north and vertical components of the 3-D displacements, respectively.
Nevertheless, the derived 3-D displacement field maintains a relatively high accuracy, that is, 6.30, 4.57 and 1.29 cm for the vertical, east and north components, respectively, as evaluated by the 32 independent GPS stations. This displacement field is essential for studying the 2011 Tohoku-Oki event, as its spatial resolution has been refined to about 70 m from 25 km configured by GPS observations alone. This is crucial to more exactly measure small-to moderate-sized ground deformation that cannot be captured by the sparse GPS data (although it is already the densest one in the world). For example, in the areas near Oshu and Akita, more detailed surface deformations (with resolutions of about 150 and 120 m for the vertical and horizontal components respectively as estimated by the method of modulation transfer function (Xiong et al. 2000) , which are not observed in the interpolated GPS displacements, are existed in the derived 3-D displacement field at The Hong Kong Polytechnic University on February 11, 2015 http://gji.oxfordjournals.org/ Downloaded from (as shown in Fig. 9 ). It is observed in Fig. 9 that there are only two GPS stations established in the about 20 km × 70 km area. The GPS interpolated displacements are extraordinarily regular and smooth, while the InSAR/GPS derived 3-D displacements are with more variations and fractal-like features. It is well understood that the detailed and small-scale surface displacements could be affected by the disturbance of the ground surface, especially in regions where the terrain is precipitous. As the topography is generally characterized by the fractal-like features, so do the detailed and small scale coseismic displacements. This indicates that the InSAR/GPS derived 3-D displacements are more reasonable and authentic. We use two quantitative criteria, that is, correlation and information entropies, to evaluate the information content of the GPS interpolated and InSAR/GPS derived 3-D displacements. The results show that the correlation between the InSAR/GPS derived 3-D displacements and the GPS measurements at the 32 validation stations increases to 0.92 from 0.87 between the interpolated and the original GPS measurements at those stations. While the information entropies of the InSAR/GPS derived and the GPS interpolated 3-D displacements are 7.62 and 7.59 bits for vertical component, and 7.82 and 6.64 bits for horizontal component, respectively. Thus, an average improvement of about 9.1 per cent has been achieved, indicating that more information contents have been provided by the InSAR/GPS derived displacement field.
The accurate high-resolution 3-D coseismic surface deformation field derived from the InSAR/GPS integration (Fig. 7) also reveals well the ground displacements. Both the vertical and horizontal surface displacements increase and converge from West to East, with respect to the Japan Trench subduction zone. It is seen that the maximal ground motions occurred in the Oshika peninsula near the epicenter. The largest ground subsidence reached about 1.5 m, obviously larger than that determined from the GPS observations alone. The cities of Oshu and Sendai experienced about 2.8 m horizontal ground movements towards the focal region and about 0.3-0.2 m subsidence. The ground motions decreased significantly in the Akita and Aomori areas, the northeastern part of the Honshu Island. The Fukushima area experienced about −0.1, 1.8 and −0.2 m displacements in the vertical, east and north directions, respectively. Although the tsunami triggered by the earthquake is the predominant cause, the great ground movements in this area are also expected to contribute to the destruction of the Fukushima I and II Nuclear Power Plants, located about 34 km north of the Iwaki city. Being about 374 km away from the epicenter, Tokyo city also experienced 0.17 and 0.06 m displacements in the east and north directions, respectively, while only a very mild uplift, that is, 0.03 m, is detected in the area. The 3-D deformation field confirms that the Tohohu-Oki earthquake is most likely induced by a thrust of the Japan Trench (Hashimoto et al. 2009; Shao et al. 2011) . However, near-field displacement on the seafloor cannot be depicted by the InSAR and GEONET GPS measurements, and that needs further investigation (Sato et al. 2011; Hashimoto et al. 2012) .
To evaluate the applicability of the developed InSAR/GPS integration method when the GPS networks are not as dense as that of GEONET, we carried out a series of experiments by gradually reducing the number of GPS sites and doing the InSAR and GPS integration. As shown in Fig. 8(d) , the averaged RMSEs of the 3-D displacement estimations all increase with the decrease of the number of GPS sites. However, the RMSEs only increase significantly when the involved GPS stations are less than about 100. Therefore, approximate 70 km for the spatial resolution of the GPS sites is adequate to guarantee the high accuracies of the 3-D displacements, at least for the Tohoku-Oki earthquake.
The spatially continuous 3-D coseismic surface deformation field also provides us an opportunity to investigate the strain of the Tohoku-Oki earthquake, with the characteristics of high spatial resolution and three-dimensionality. In this paper, we estimated three strain invariants, that is, dilatation, differential rotation magnitude and maximum shear strain (Vanicek et al. 2008) , for each pixel in the derived 3-D displacement field by using a modified WLS inversion (Amighpey et al. 2009; Guglielmino et al. 2011) . As shown in Fig. 10(a) , the dilatation invariant field ranges from −3.5 × 10 −4 to 1.7 × 10 −4 . The expansion is dominant in most of the Honshu Island, especially in the northern part, which is mainly ascribed to the great ground movements toward the focal region. However, it is observed that the centre of the Honshu Island near the Sendai and Oshika areas are subject to large contractions. This is expected since the ground movements behave with a convergent trend from the upper and lower areas to the centre (Caporali et al. 2003) . In the differential rotation magnitude invariant field (Fig. 10b) , only up to 1.2 × 10 −5 differential rotation are detected in the central part of the Honshu Island. Fig. 10 (c) exhibits the maximum shear strain invariant field, which is similar to the distribution of the differential rotation magnitude invariant but reaches 7.0 × 10 −3 for extreme condition. The location of the differential rotation magnitude and maximum shear strain conforms to the great contractions in the centre of the Honshu Island. The concentration of the three strain invariants can be used as a useful indication of blind faults (Amighpey et al. 2009) . Although more work is needed to refine the strain analysis results, it is revealed by the derived strain invariants that the Honshu Island suffered from an evident dilatation and shear during the seismic event.
C O N C L U S I O N S
The 2011 M w 9.0 Tohoku-Oki earthquake, one of the strongest earthquakes in recorded instrumental history, caused significant ground motion. We have presented a full 3-D coseismic surface displacement field of the earthquake derived from a WLS based integration of the available InSAR and GPS measurements. In order to fully cover the seismic event, the PALSAR images acquired on five ascending paths and ASAR images on three descending paths are employed. We develop a multipath correction (i.e. USLS) approach to better suppress the inconsistencies that emerge in the InSAR results of adjacent paths. The 3-D displacement results reveal clearly that the ground of the Honshu Island moved up to −1.5, 5 and −2 m, respectively in the vertical, east and north directions during the earthquake. Small-to moderate-sized coseismic displacements, which cannot be captured by the GEONET GPS measurements, are detected by the InSAR/GPS integration at the spatial resolution of about 70 m. The results provide useful insights into the spatial variation of the ground motion and the focal mechanism of the earthquake. The RMSEs between the InSAR/GPS integration and independent GPS measurements are 6.30, 4.57 and 1.29 cm in the vertical, east and north directions, respectively. The accuracies would no significantly degrade until the number of deployed GPS stations is less than about 100 for this area, which indicates a spatial resolution of approximate 70 km for GPS observations is tolerable for accurately estimating the 3-D displacements caused by the Tohoku-Oki earthquake. In addition, the spatially continuous strains are retrieved from the 3-D coseismic surface deformation field to exhibit the dilatation, rotation and shear due to the Tohoku-Oki earthquake. Some limitations remain in this study. First, although the developed USLS approach can correct the orbital errors very well, the contribution from large aftershocks occurred during the investigated time period cannot be completely isolated from the interferometric phases. This would help to overestimate the final 3-D displacement field. Second, the determination of a priori variances of the InSAR and GPS measurements is vital in the integration of InSAR and GPS with the WLS adjustment. A simple empirical method is applied in this study, but could be improved by more robust algorithms, for example, VCE, when more independent observables are available . Third, although the derived strain invariants reveal considerable amount of the dilatation and shear associated with the Tohoku-Oki earthquake, the correlation between the strains and the faults should be further investigated.
S U P P O RT I N G I N F O R M AT I O N
Additional Supporting Information may be found in the online version of this article: Figure S1 . The azimuth displacement map of the 2011 M w 9.0 Tohoku-Oki earthquake derived from offset-tracking method. 
